Abstract-The elastic anisotropy caused by the texture in the Nb 3 Sn filaments of PIT and RRP wires has been calculated by averaging the estimates of Voigt and Reuss, using published Nb 3 Sn single crystal elastic constants and the Nb 3 Sn grain orientation distribution determined in both wire types by Electron Backscatter Diffraction. At ambient temperature the calculated Nb 3 Sn E-moduli in axial direction in the PIT and the RRP wire are 130 GPa and 140 GPa, respectively. The calculated E-moduli are compared with tensile test results obtained for the corresponding wires and extracted filament bundles.
I. INTRODUCTION
T HE electro-magnetic properties of Nb 3 Sn are strain sensitive. This has to be taken into account in the design of Nb 3 Sn high field magnets like the 11 Tesla and large aperture quadrupole magnets being developed for the LHC luminosity upgrade [1] , where the conductors are subject to high Lorentz forces. To derive the Nb 3 Sn strain under a certain mechanical load, it is necessary to know the elastic constants of the different composite wire constituents, whose texture causes an elastic anisotropy.
Due to the heavy cold work during the wire drawing process the Cu matrix and the Nb pre-cursor are both strongly textured [2] . The brittle Nb 3 Sn is formed when the conductor in its final size is submitted to a heat treatment [3] , [4] . The Nb 3 Sn texture differs strongly in different conductor types. While in Bronze Route wires the Nb 3 Sn grains have a nearly random orientation [5] , [6] , we have observed a strong Nb 3 Sn texture in Powderin-Tube (PIT) [7] and in Restacked-Rod-Process (RRP) type superconductors. As revealed by non-destructive synchrotron X-ray diffraction [8] , as well as by Electron Backscatter Diffraction (EBSD) [9] , in the PIT wire the Nb 3 Sn grains have a preferential 110 orientation, while in the RRP wire they have a strong 100 texture.
In this article we focus on the elastic anisotropy of the Nb 3 Sn filaments in PIT and RRP type wires. Elastic moduli for polycrystalline Nb 3 Sn have been calculated by averaging the estimates of Voigt and Reuss [10] , [11] , using Nb 3 Sn single crystal elastic constants and the Nb 3 Sn grain orientation distribution in PIT and RRP-type conductors determined by EBSD [9] . Tensile tests of entire PIT and RRP wires and extracted filament bundles have been performed at room temperature (RT). Nb 3 Sn elastic constants are known to change strongly during cool down and a lattice softening is observed. The Nb 3 Sn single crystal elastic constants used here for the calculations at RT and at 4.2 K are from [12] and [13] , respectively.
In binary Nb 3 Sn bulk with high Sn content of 24.5% or more, a cubic-to-tetragonal phase change occurs upon cooling at a temperature of roughly 30 K to 45 K [14] - [16] . For the calculations we have assumed that the Nb 3 Sn lattice remains cubic at all temperatures, since the Sn content in the alloyed Nb 3 Sn of multifilament wires is below 24.5% (apart from the coarse grain Nb 3 Sn in PIT wires) [17] .
II. EXPERIMENTAL

A. Nb 3 Sn Composite Wires
The Nb 3 Sn elastic anisotropy has been calculated using the grain orientation distribution measured in a PIT wire (billet number B215) produced by Shape Metal Innovation (now Bruker EAS) and in a RRP wire (billet number #7419) produced by Oxford Instruments Superconducting Technology [9] . Cross sections of the PIT wire after 650
• C-120 h heat treatment (HT) and of the RRP wire after 695
• C-17 h HT are shown in Fig. 1 .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. In Fig. 2 two PIT filament cross sections acquired after different heat treatments are compared. In the EBSD scans each crystal is given a certain color, according to its orientation. In Fig. 2 (a) a PIT filament cross section is shown after a 620
• C-60 h HT. After this HT, part of the inner volume of Nb tube is transformed into Nb 6 Sn 5 (see area in Fig. 2 marked with 1 ). Between the outermost unreacted Nb precursor tube 2 and the Nb 6 Sn 5 , a thin ring of very fine grained Nb 3 Sn has been formed by solid state diffusion of Sn into Nb. In contrast, the ring of Nb 6 Sn 5 has been formed from NbSn 2 , which itself is formed when Sn starts to diffuse into the Nb tubes at about 520
• C [4] . A cross section of a fully processed PIT filament is shown in Fig. 2(b) . The filament consists of the filament core, a ring of coarse Nb 3 Sn grains 3 , which size is in the order of 1 μm, a ring of fine grained Nb 3 Sn 4 with an average diameter of 0.16 μm and the unreacted Nb barrier 5 . The fine Nb 3 Sn grains are not resolved in the maps shown in Fig. 2(b) , and therefore appear as a black ring. High resolution Euler angle maps, in which the fine Nb 3 Sn grains are resolved, are presented in [9] . The coarse Nb 3 Sn grains are formed from Nb 6 Sn 5 .
The cross sectional areas of the different PIT and RRP wire and filament constituents, which have been determined by digital image analysis of the metallographic wire cross sections, are summarized in Table I . The nominal diameters of these non-reacted PIT and RRP wires are 1.25 mm and 0.80 mm, respectively. About 10% of the RRP filament volume consists of porosity [18] . The porosity volume in the PIT wire is not well known.
B. Tensile Tests
Tensile tests have been performed with a modified tensile test machine "Inspekt equipped with an AST KPA-S load cell with a maximum load of 1 kN. Strain is measured with a MTS-clip on extensometer 632.27F-21 with a gauge length of 25 mm. The moduli of elasticity (E a ) of entire composite wires and extracted filament bundles were determined by recording the engineering stress as a function of strain under decreasing load (see Fig. 3 ).
Filament bundles have been prepared by etching the Cu matrix only in the wire central part, where the extensometer was attached, leaving the Cu matrix at the wire external parts to guarantee an homogeneous load distribution on all filaments. The fialment bundle cross sections that have been used for the E-moduli calculations have been determined by digital image analysis (see Table I ), and confirmed by measurements of the Cu weight loss after etching in nitric acid.
III. CALCULATED ELASTIC PROPERTIES FROM SINGLE CRYSTAL PROPERTIES
Below the elastic moduli for the polycrystalline Nb 3 Sn in the RRP and PIT wires are calculated using Nb 3 Sn single crystal elastic constants and the Nb 3 Sn grain orientation distribution determined by EBSD. The components C 11 = C 1111 = 253.8 GPa, C 12 = C 1122 = 112.4 GPa, C 44 = C 1212 = 39.6 GPa of the stiffness matrix C mnpq of Nb 3 Sn single crystal were determined at 300 K in [12] . If Q kl = e k · m l denotes the rotation matrix between the crystal axes m l and the wire axes e k , (e 3 being the wire direction) the Voigt estimate (upper bound) of the stiffness matrix of a polycrystalline aggregate is the volume average
Accordingly, denoting by S mnpq the compliance of the single crystal, the Reuss estimate (lower bound) of the stiffness matrix of the polycrystalline aggregate is C
where
The arithmetic average between these two bounds proposed by Hill [10] , i.e., C
). An averaging procedure that removes this drawback and that has been shown to yield values of the Young's modulus close to the self-consistent estimates as well as measurements for various textures and crystal structures has been suggested in [13] . The elastic components are obtained by applying the iterative procedure i . In the Voigt notation for symmetric tensors, the stiffness matrix of the polycrystalline aggregate with the PIT texture is given below in the wire axes 
The wire axes e i are identical with the axes in which the EBSD angles were provided (see above). The Young's modulus E e is the ratio of the axial stress to the axial strain for any uniaxial stress state along a direction e. In the case of a stress applied along one of the axes e i , i = 1, 2, 3, E i = E e i , can be immediately obtained by computing the inverse of the corresponding diagonal component of the compliance tensor, i.e., E i = 1/S iiii . In particular, the Young's moduli for the PIT texture in the wire axes are E as defined above is one. Note also that the followed averaging procedure is valid independantly of the symmetry class of the crystal considered (cubic in this work).
For the RRP texture, the estimate of the stiffness in the Voigt notation is ⎛ 
The Young's moduli in the wire axes are: The higher Young's modulus in the wire direction for the RRP texture is likely due to the fact that its 001 texture is more intense than in the powder [9] . Indeed, the Young's modulus of the single crystal is maximal in the 001 direction, E 001 = 184.8 GPa, while E 011 = 122.1 GPa in the 011 direction. In turn, the 011 orientation dominates in the PIT texture.
The ultrasonic measurements reported in [13] show that the anisotropy ratio (C 1111 − C 1122 )/2C 1212 dramatically decreases below room temperature. Hence, no conclusions can be drawn from the preceding results about properties at 4.2 K.
The elastic moduli at 4.2 K have been calculated correspondingly using the components C 11 = 306 GPa, C 12 = 85.7 GPa C 44 = 21.8 GPa of Nb 3 Sn single crystal determined at 4.2 K in [12] . Results are summarised in Table II. 
IV. MEASURED E-MODULUS FOR THE RRP AND PIT COMPOSITE WIRES AND THEIR EXTRACTED FILAMENTS
Tensile tests have been performed at room temperature with the entire RRP and PIT composite wires, as well as with the extracted filament bundles. When mounting the clip-on extensometer on the reacted filament bundles, particular care has been taken not to damage the brittle filaments. Only measurements with samples where no broken filaments were seen when starting the unloading curve are presented here.
Stress-strain curves for the entire reacted RRP wire and extracted filament bundle are shown in Fig. 3 . The shape of the filament stress-strain curve is typical for extracted Nb 3 Sn filament bundles, and it is probably caused by a re-alignment of the initially bended filaments until the load is uniformly distributed. The E-moduli have been determined from the linear portion of the unloading curves.
In Table III the E-moduli of the reacted PIT and RRP wires and their extracted filaments are compared.
V. DISCUSSION AND CONCLUSION
The texturing of the Nb 3 Sn filaments causes an elastic anisotropy in PIT and RRP type multifilament wires. In the PIT wire the Nb 3 Sn has a preferential 110 orientation and, as a result, the E-modulus at ambient temperature in the axial direction (130 GPa) is smaller than that calculated in perpendicular wire direction (135 GPa). In the RRP wire with a 100 Nb 3 Sn texture an E-modulus of 140 GPa in axial direction has been calculated, which is higher than the E-modulus of 129 GPa calculated in the perpendicular direction.
The elastic anisotropy influences the stress in the Nb 3 Sn filaments at a certain strain and, thus, can influence the strain limit at which the filaments are permanently degraded. Since a similar Nb 3 Sn texture is observed in Ti and Ta-doped RRP wires [9] , texturing cannot explain why the irreversible strain limit in Ti doped RRP wires is higher than in Ta-doped RRP wires [19] . In conjunction with the mechanical properties of Nb 3 Sn, those of the Nb diffusion barrier may also influence the irreversible strain limit of the composite wire [20] , [21] .
The E-moduli calculations rely on the published Nb 3 Sn single crystal elastic constants. A verification of the calculated Emoduli with experimental results is not straight-forward, even at ambient temperature.
The major difficulty in the experimental determination of the Nb 3 Sn elastic properties in multifilament wires is that the Nb 3 Sn cannot be separated from the unreacted Nb barrier and the filament core. In addition the filaments contain porosity, and it is unclear if the coarse Nb 3 Sn grains in PIT filaments, which are probably not well connected, can contribute to the stiffness of the filaments. Consequently, we avoided using the rule of mixture in estimating E-moduli of Nb 3 Sn. Nevertheless, the higher E-moduli of the RRP wire and filaments with respect to those of PIT wire and filaments could be explained partly by the higher Nb 3 Sn E-modulus in axial direction in the RRP wire. Similar RT Nb 3 Sn E-moduli have been published elsewhere [22] - [24] . The Young's modulus obtained by averaging the single crystal data from [12] dramatically harden below the phase transformation temperature T M , while the moduli obtained from ultrasonic data exhibit a smooth profile with almost no hardening below T M as demonstrated in [25] . This absence of pronounced hardening below T M was explained in [25] by the ferroelastic behaviour of the tetragonal phase.
The experimental determination of the Nb 3 Sn elastic properties at 4.2 K is even more challenging than it is at RT, and therefore it is difficult to verify how reliable the elastic Nb 3 Sn single crystal constants are at 4.2 K.
With the tensile set-up used for this study, stress-strain experiments at 4.2 K were not possible. In a previous experiment we found that the non-Cu E-modulus of the PIT B215 wire decreased by about 30% when the wire was cooled from RT to 4.2 K [6] . A significantly lower 4 K E-modulus has been reported for isotropic Nb 3 Sn with 1.4 wt.% ZrO 2 precipitates [26] .
